Time-resolved simulations present a new opportunity for studying the disturbances responsible for the broadband interaction noise created by the fan stage. In this paper, two vane configurations from the source diagnostic test at the approach rotor speed were computed with PowerFLOW's very largeeddy simulation (VLES) method using two solution strategies: a coarser mesh near the rotor and a trip to trigger turbulent transition on the rotor; and a much finer mesh near the rotor with no trip. The simulated data allow for an investigation of the potential effect from the vane configuration and an in-depth study of the mean and turbulent flow in the interstage gap. A challenge related to post-processing of highresolution simulations is discussed. Comparison of the flow quantities with previously obtained Reynolds Averaged Navier-Stokes simulation results indicates that little advantage is gained by running a lattice Boltmann method (LBM)/VLES to simply recover the gap flow parameters for use with a lowerorder fan broadband interaction noise calculation method. The true benefit of the LBM/VLES is that the noise calculation can be directly and simultaneously completed with the flow simulation.
This article is part of the theme issue 'Frontiers of aeroacoustics research: theory, computation and experiment'.
Introduction
Interaction noise due to rotor wake flow through a fan exit guide vane (FEGV) in the fan stage of a turbofan engine leads to both tonal and broadband noise. The prediction of the noise from the fan stage continues to be of interest as fan noise is now a key engine noise source. Of interest in this paper is the prediction of the broadband noise.
Many simulation methods have been proposed for predicting the broadband noise. Some that focus on the dominant interaction noise use a two-step approach in which the wake turbulence is modelled or obtained via experiment as a first step and then the interaction of the turbulence with the FEGV is considered as a second step [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . For the two-step approaches to be useful in the design process, simulated wake turbulence quantities upstream of the FEGV are required. Researchers have used Reynolds Averaged Navier Stokes (RANS) as well as other higher fidelity methods such as large-eddy simulation (LES) to obtain the necessary flow turbulence quantities.
More direct simulation methods for predicting the broadband noise have also been presented [21] [22] [23] [24] [25] [26] . In these methods, the acoustic pressure at the inlet and/or exhaust planes or even in a region upstream or downstream of the engine are computed. Often further calculation of the sound field around the engine is then performed using a method such as Ffowcs-Williams and Hawkings. Multiple noise sources are captured using the direct method including the interaction noise.
The source diagnostic test (SDT) performed by NASA in the late 1990s has provided a benchmarking platform for simulations of fan noise [27] [28] [29] [30] . In 2018, the ACAT1 fan test was completed and offers another dataset for validation of the fan broadband noise simulations methods [31] . In this work, the SDT will still be used for the comparisons. In particular, this study focuses on the approach rotor speed for which time-resolved, hotwire data were obtained upstream of the FEGV. The hotwire data were explored previously in [32, 33] .
In this paper, we take advantage of access to time-resolved simulation data generated by PowerFLOW which uses a Lattice Boltmann Method (LBM) with a Very Large Eddy Simulation (VLES) turbulence model. The time-resolved simulation provides an opportunity to obtain the turbulent flow parameters from the hotwire and simulation data in the exact same manner. It also opens the possibility of analysing the flow field in the fan-stage gap more thoroughly than is possible with the available experimental data. The specific questions that are addressed through the data analysis of the time-resolved simulation data and the hotwire data include:
(i) Are the turbulence quantities required in the two-step fan broadband noise prediction approach more accurately determined via the LBM/VLES as opposed to RANS? (ii) Does the FEGV provide a significant potential effect upon its inflow that must be modelled? (iii) Is the length scale computed from hotwire data using Taylor's frozen hypothesis in agreement with the length scale computed using a physical separation distance or a length scale based on the rotor wake width? (iv) Is the basic model of the lateral length scale being one half of the longitudinal length scale reasonable?
The paper is organized in the following way. First, the SDT configurations used in this paper will be described as well as the computational set-up of the problem in PowerFLOW. The method for analysing the data is described in the method section. The comparison of the relevant turbulent quantities between the PowerFLOW simulations and the hotwire data are then shown. Finally, the difference in the broadband prediction using the two-step method with input taken from the experiment and various simulations is shown. Figure 1 illustrates the SDT fan rig with the low-noise vane. The geometry is perfectly axisymmetric. The rotor radius is 10.97 in, the bypass exhaust radius is 10.66 in and the lip intake radius is 11.66 in. The rotor consists of 22 blades with a casing/blade-tip gap of about 0.02 in. The low-noise vane has 26 swept vanes. The other vane geometry considered in this work is the baseline case. The baseline case has 54 smaller unswept vanes. The measurements in the SDT experiment were taken at two axial locations referred to as Stations 1 and 2 throughout this paper. The first station is located midway between the rotor and FEGV and the second station is located very near the leading edge of the unswept (baseline) vane case. The experimental data were acquired using the swept (low-noise) vane configuration. Hotwire measurements were take at 50 radial locations at both Station 1 and 2. The data were aligned with a one-per-rev trigger and resampled with 1430 samples per revolution giving a time interval of 5.373 × 10 −6 s. Approximately 100 revolutions were recorded.
SDT configuration and computational set-up
The LBM/VLES turbulence model is based on k-epsilon RNG. More details regarding the implementation are given in [34, 35] . The turbulence model is activated based on local flow parameters (e.g. shear, cell size). The y + for these simulations is generally of the order of 100 with a maximum of 250. Results from two different simulation methods are used in this paper. One simulation method uses a trip to trigger turbulent transition on the rotor. The second method does not use a trip and instead increases the resolution very near the fan blade by a factor of two in each direction. The refinement takes the first four local cells away from the fan surface in the coarser grid and creates eight cells. The grid in the gap between the rotor and the stator is the same in the two simulations and has a spatial resolution of 0.732 mm. The SDT baseline and low-noise vane geometries have been simulated. The baseline vane geometry used in the simulation has a wavy leading edge. The geometry of the waviness, i.e. wave amplitude and spanwise wavelength, were sufficiently small and long, respectively, compared to the integral scales of the impinging turbulent fluctuations such that the wavy leading edge was shown to be negligible [36, 37] .
Gonzalez-Martino & Casalino [25] reported the final acoustic predictions from simulations with the two methods for handling transition on the rotor and for multiple fan rotor speeds. In this paper, only the approach rotor speed of 7808 RPM is considered so that comparisons to the hotwire data are possible.
The LBM/VLES simulation results have been saved in two ways. First, probes were inserted in the simulation at the locations corresponding to the experimental measurement locations. Data were saved directly from the run, time averaged over 16 time steps, providing an output time interval of 2.183 × 10 −6 s. 10 fan revolutions were run. Second, data were saved on the volume shown in figure 2 . The volume encompasses one rotor passage and Stations 1 and 2. Because of the amount of data that is generated by the simulation, data for every voxel in the volume were not recorded. The saved flow quantities are space-time average values over a volume of eight cells (2 × 2 × 2) and the time interval of 16 time steps. This still leads to a data file that is approximately 1 TB. All simulations reported in this paper have been performed by using, as initial condition, the solution obtained on a coarser mesh that has achieved an acceptable statistical convergence. The 10 rotor revolutions for the tripped cases are stored after a very short initial transient of three 
Data analysis methods
The flow field predicted by the LBM/VLES will be compared to both the hotwire measurements and previously reported CFD RANS results [9, 33] . The flow fields predicted by four CFD simulations were compared previously. Details of the different CFD approaches are given in [9] . They represent the type of outcomes one obtains using an RANS approach. Table 1 outlines the SDT cases that were simulated with LBM/VLES giving the respective simulation method, the comparison between the simulated and measured mass flow rates and the type of simulation data available for this study.
(a) Mean flow
To analyse the mean flow, both average passage and total mean flow values are considered. When the circumferentially averaged values are plotted, the minimum flow point for the streamwise flow is aligned with the centre of the passage. The flow was measured using the axial, circumferential and radial velocity frame of reference. It is also of interest to consider a frame of reference pinned to the streamwise direction as well. Here we define the two directions perpendicular to the streamwise direction as upwash and transverse with the upwash being almost perpendicular to the vane chord at design fan speed, and transverse being close to the radial direction. The streamwise based coordinate system is not fixed but is local and as such does change with axial and radial location. It is noted that the low-order method described in [9] uses strip theory in the radial direction and an assumption that the flow has no radial component. As such the mean inflow values that are needed as input are the axial and circumferential velocities. Comparison between the measured mean flow and that predicted by the four CFD simulations were originally shown in [38] . The comparisons are included again in this paper with the results from the high-fidelity simulations added.
The high-fidelity simulation results are assessed using both the data from the probe files and by extracting data from the saved volume file. When taking data from the volume file, the circumferential placement of the probes is an option. Figure 3 shows the volume from the front as a two-dimensional slice.
In the SDT experiment, the hotwire probe was moved along a single radial line to obtain data at different locations between the hub and tip. When the radial locations are placed in the volume at different circumferential locations from 90 • to 106 • , slight differences in the results are found as shown in figure 4 . The difference is attributed to both the fact that a cartesian grid not aligned with the wake is used in the gap and that there is an averaging process used when saving the data into the volume file and an interpolation process used when extracting the data. Note that probe values are saved without any space averaging or interpolation involved (the value of the probe containing voxel is used). Figure 4a shows there is no appreciable grid, sampling or interpolation effect present in the total mean flow values. However, the calculated average passage wake does vary slightly from circumferential slice to circumferential slice as shown in figure 4b . The variance of the average passage wake obtained at the different circumferential locations is about 0.6% at its highest in the centre of the wake. To account for the difference from slice to slice, when data from the volume file is analysed, an average of the result over 71 circumferential slices taken in the volume is reported when possible. Figure 4 shows the increase in the total mean flow introduced by the insertion of the hotwire which has been noted previously. To allow for better comparison of the wake deficit, the mean wake profiles will be shown as relative velocities meaning the total mean value will be subtracted from the average passage values. Finally, it is noted, that previously, it was shown that the difference between using 10 rotor revolutions of data, which is what is available in the simulation data, and 100 rotor revolutions available in the measurements, does not affect the results [37] .
(b) Turbulence intensity and TKE
The turbulence intensity is obtained from both the hotwire data and the simulation results by first performing an FFT on the time-resolved velocity data. The DC offset and first four tones are removed from the FFT result. An inverse FFT is then performed to obtain the turbulent part of the velocity signal. The turbulent signal is then squared, averaged, and the square root is taken to obtain a turbulence intensity (i.e. RMS) value. The turbulence intensity predictions are negligibly affected if instead of using tonal removal, the tones are simply chopped down to broadband values equivalent to those at the nearest frequencies.
In this paper, only the total RMS values at a radial probe location are reported. The passage distribution of RMS velocity has been shown previously [38] . Again, when the simulation data are taken from the volume file, an average over probes placed at different circumferential locations in the volume is reported. The variance of the streamwise RMS value based on circumferential position is 5%.
The turbulent kinetic energy is computed as
where the subscripts refer to perpendicular flow directions. This will be computed from the LBM/VLES data in order to compare with the CFD RANS turbulent kinetic energy value.
(c) Turbulent integral length scale
Many methods for obtaining the integral length scale are used in this paper. The method that was used in [32] to obtain the integral length scale from the hotwire data is based on Taylor's frozen turbulence hypothesis. It is assumed that the convection of the turbulence can be taken to be entirely due to the mean flow. Hence the flow probes (either physical hotwire or computational data retrievals) will measure the local flow with x s = U s t, where x s is distance and U s is the magnitude of the flow in the streamwise direction. The streamwise length scales, both longitudinal and lateral, can be obtained then from the time series data as
where i can be selected to be s for streamwise, u for upwash, and t for transverse. L s s is then the longitudinal length scale and L s u and L s t are lateral length scales. In practice, the integration is performed from 0 to the first zero crossing of the integrand. Taylor's hypothesis is being applied locally here. The mean streamwise velocity varies in the radial direction especially near the hub and tip. In the region of highest streamwise velocity radial gradient, the variation in the streamwise velocity over an extent of the order of the length scale gives rise to only a 3% variation in the length scale. When data are sampled simultaneously, as is the case in a computation, the length scales can be computed using spatial separation obviating the need for invoking Taylor's hypothesis. For instance, the longitudinal and lateral length scales based on streamwise separation can be computed using
Similarly, the length scales can be computed using data from probes separated along any other direction.
The turbulent integral length scale can also be related to the rotor-wake width. Ganz et al. [39] showed that the streamwise length-scale downstream of a fan was 0.35 times the wake width, while Jurdic et al. [40] showed the factor to be 0.21. The wake profile behind a rotor is not symmetric from pressure to suction side. As such, the maximum value of the average passage wake profile on both sides is determined. The point on the profile halfway between the maximum on each side and the minimum wake value is determined. The circumferential distance between these two locations is considered the wake width.
Previous RANS length-scale results used for comparison in this paper were computed based on the empirical form L s s = C(TKE 3/2 / ), where is the turbulent dissipation rate and C is taken to be 1 [33, 41] .
Results

(a) Mean flow
The streamwise mean-flow average-passage profile at midspan is shown in figure 5 at axial Stations 1 and 2. Analysis of the simulation data was performed for both the data extracted from the saved data volume and data from the probes saved directly from the simulation. There are two simulations methods analysed here. The first used a trip on the rotor to promote transition to turbulence on the rotor denoted T-. The second simulation method used a finer grid with no trip on the rotor denoted R-. The two vane configurations are denoted BL for baseline and LN for low noise. The differences between the solid and dashed coloured lines in the figure show that using the two methods for saving data from the simulation leads to different outcomes in the analysis. The difference is attributed to the loss of resolution when the data are downsampled spatially to be saved into the volume file and then interpolated for extraction from the volume file. Therefore, the probe data are considered a more accurate representation of the simulation results. However, they are obtained at just one circumferential position and as seen in figure 4 . This leads to a potential 0.6% error.
The differences between the red and blue lines in the figure show that using the trip to promote transition on the rotor as compared to the finer rotor grid with no trip leads to wider and shallower wakes.
The radial distribution of the total mean velocity at Station 2 is shown in figure 6 . In figure 6a ,b, the flow values predicted by the four previous CFD simulations have been included for comparison.
The LBM/VLES slightly overpredicts the circumferential velocity especially near the casing and underpredicts the axial velocity. The effect of the vane is seen in the radial velocity at Station 2 where the one case, for which the LBM/VLES simulated the baseline vane, varies from the other results particularly near the tip of the vane. This effect is not obvious in the axial and circumferential velocities. When one considers the mean flow angle across a rotor passage at Station 2 as shown in figure 7 , the presence of the vanes can also be seen for the baseline case, but the effect is very small in magnitude. When one considers the static pressure, not shown here, it can be seen that the potential effect only influences the flow for 0.05 chordlengths upstream of the stator. 
(b) Turbulence intensity and TKE
The hotwire and simulation data are processed identically to obtain the turbulence intensity. The circumferentially averaged turbulence intensity in three directions at Station 2 is presented in figure 8 . It is noted that the results at Station 1, not presented here, look very much the same. The turbulence intensity predictions obtained with data from the volume are lower than those found with data from the probes by more than the 5% variance that accounts for the choice of circumferential location for the probe. This is consistent with the expected outcome of the extra averaging that takes place when saving and using the data volume. The other observation is that the simulations with the trip on the rotor generally give higher turbulence intensity values. It is of interest to compare the current simulation predictions with the past CFD RANS predictions. In order to make the comparison, the TKE value is needed. The three turbulent intensities shown in figure 8 are combined using equation (3.1). The comparison in figure 9 is only shown for the simulation that used the refined rotor grid. The subgrid TKE value from the turbulence model is also shown in the figure. Outside of the regions very close to the hub and tip, the subgrid value is less than 5% of the resolved TKE. The TKE from the probe data, which is believed to be more accurate, shows that even with the refined rotor grid, the turbulence level predicted by the simulations is much higher than both the measured value and the RANS predicted values on a significant portion of the span. figure 10 . The length scales obtained from analysis of the probe values are smaller than those obtained using the volume data and are closer to the experimental values. This difference between the values from the two datasets is expected because of the additional averaging that occurs in producing the volume and then extracting data from it. When the two simulations methods are compared, it is seen that the use of the trip leads to slightly longer length scales. When the results from the LBM/VLES are compared to the length scale inferred from the turbulence parameters computed using CFD RANS as shown in figure 10c , one finds that the LBM/ VLES length scale is larger in the midspan region. Further, the results based on the high fidelity simulations do not compare any better to the experimentally obtained stationary length scale than the values inferred from RANS. The assumption that the lateral length scale is one half the longitudinal length scale was tested and the result is shown in figure 11 . The relationship is not perfect but seems to be quite reasonable.
2. Length scale via the separated probe method. In order to determine the length scale from probes separated spatially, the volume data from the high fidelity simulation must be used. As such, comparisons between the stationary method and the spatial separation method will only be made using the volume data analysis. The longitudinal length scale is obtained by considering the flow component in the direction of separation while the lateral length scale is obtained using a flow component perpendicular to the direction of separation. The computation using the axial separation included an average over all of the circumferential locations. The streamwise separation however traverses the entire circumferential extent of the data volume and, therefore, an average over the result using different starting locations in the circumferential direction cannot be obtained. It is noted that the fixed probe in the separation method is located at Station 1. As discussed earlier, when moving between circumferential positions, the mean wake properties can vary due to grid effects. Therefore, it is surmised that the calculation using streamwise separation will be less accurate. Finally, both the axial and streamwise separation methods do not perform well near the hub and the tip. So only the midspan region is shown in the figures. Figure 12 shows the results for the longitudinal length scale computed using streamwise and axial separations. For reference, the stationary length scale computed at Station 1 is also shown. All three ways to obtain a length scale give higher values when the data are taken from the simulation using the trip as opposed to data taken from the simulation that used the refined grid near the rotor and no trip. The length scale obtained from probes separated axially is lower than both the stationary probe and streamwise separation methods. Also, as expected, the streamwise separation method gives rather oscillatory results (because of the grid difference between circumferential locations). The inconsistency between the length scale computed using streamwise separated probes and the stationary method motivates future investigation into corrections to the Taylor's hypothesis that have been discussed in the literature [42] .
3. Length scale from wake width. The final method that is considered for determination of the longitudinal length scale is the scaling of the streamwise velocity wake's width. Automated determination of the wake width is difficult near the hub and tip and as such only the results for the midspan section are plotted. When the hotwire data are considered, a 0.35 factor provides the relationship between the wake width and the length scale at the midgap which agrees with that proposed by Ganz et al. [39] . This is shown in figure 13a . At Station 2, a factor of 0.25 is needed which agrees more closely with that proposed by Jurdic et al. [40] . Figure 13b ,c shows the predictions based on the LBM/VLES data at Station 2 analysed using the stationary method and the wake width scaling. The wake width scaling method is shown to agree better with the hotwire data than the stationary method, however, the agreement is not perfect. The scaled wake width also agrees reasonably well with the separation method based on axial distance shown in figure 12 .
All of the comparisons shown in this section call into question whether the stationary method is a reliable method for obtaining an accurate length scale from the LBM/VLES data. Also, the hope that having simultaneously obtained data everywhere in the gap between the rotor and stator would allow for more accurate assessment of the turbulent length scale is not completely fulfilled partly because of challenges associated with creating and working with very large datasets. 
(d) Spectra
The interest in studying the gap flow in detail stems from the dependence of the interaction noise on the inflow to the FEGV. For broadband noise, it is the broadband portion of the inflow turbulence spectrum responsible for the noise. The full spectrum obtained from the FFT of the streamwise and upwash velocity time series signals at the midspan is shown in figure 14a ,b, respectively. The simulation that uses the trip on the rotor leads to shallower wakes which is seen in the figure as the lower tonal values and higher turbulence levels which is seen in the elevated broadband level. The oscillatory behaviour of the broadband part of the spectrum associated with the computed data is due to the low number of revolutions of data that are available. Figure 14c shows the hotwire data analysed using 100 revolutions of data and just 10 revolutions. When only 10 revolutions of data are available, the spectrum exhibits greater oscillations across the entire spectrum. The upwash velocity spectra at two other spanwise locations are shown in figure 15a ,b. The increase in the turbulence intensity created by the trip is seen even more prominently near the tip.
When one uses the low-order, two-step approach to predict the broadband interaction noise, a spectrum is created based on accepted models such as von Karman, Liepmann or Gauss. Each model describes the three-dimensional energy spectrum as defined by ∞ 0 E(k, t) dk = 3 2 u 2 with k = k 2 1 + k 2 2 + k 2 3 being the magnitude of the wavenumber vector. In the past, the similarities between the von Karman and Liepmann models have been shown and as such only the Liepmann and Gauss are considered in this paper. The models are built based on the turbulence intensity and turbulence length scale. Hinze [43] provides the one-dimensional spectral models as well as the full three-dimensional models. For Liepmann they are given as 3 (4. 
and
We consider a stationary probe near the midspan. The streamwise velocity spectrum should compare to the longitudinal one-dimensional spectrum model while the upwash velocity spectrum should be related to the lateral spectrum model. To compare to the actual spectrum, the models must be converted from the wavenumber space to the frequency domain using Taylor's hypothesis, dk = (2/U s π ) df , where U s is the streamwise mean flow velocity. We focus on the upwash velocity spectrum at Station 2 because of its relevance to the interaction noise produced by the fan stage. Figure 16 shows the upwash velocity spectra computed from the hotwire data and the simulation probe data (not extracted from the volume file). The length scale used in the reconstruction of the simulated spectra is obtained from the stationary method so that the data analysis methods are consistent for the experimental and computational data. It is a bit surprising that the reconstructions are so reasonable given the large discrepancy in the stationary method based length scale compared to the hotwire data.
The Liepmann model represents the data fairly well but the roll off at high frequency is not perfectly reconstructed. Previously, it was shown that correcting the spectrum at the high frequency to better match the decay beyond 10 kHz led to very little difference in the predicted acoustic spectrum from the two-step method [9] .
(e) Impact of gap flow differences on broadband noise prediction
When the acoustic field is computed directly with PowerFLOW, good trend prediction has been shown as well as good individual case agreement [25] . It has been determined previously that using the finer rotor grid as opposed to the trip on the rotor to force transition gives better results, particularly at higher wheel speeds. Here, figure 17 shows an example of the kind of agreement that is obtained. In this case, the two simulation methods were used to simulate the low-noise vane case at the approach rotor speed. The slight difference between the predictions obtained with the two simulation methods has the fine grid predicting a bit lower overall sound power as compared with the trip method. Based on the gap flow parameters that have been studied in this paper, this difference could follow from the lower turbulence intensity values predicted with the finer grid method. It is difficult though to isolate the contribution of gap flow differences using the direct acoustic calculation. The low-order turbofan broadband prediction method described in [9] only provides the contribution of the fan-stage interaction noise and has only been used to assess the downstream duct power level. In the past, it was shown that there is an overall overprediction of the sound power at the exhaust duct using this method. It can however still be used to test the influence of different gap flow characteristics on the generated duct acoustic power. The flow quantities that are used as input to the acoustic calculation are the radial distribution of axial and circumferential mean flow, the radial distribution of the mean upwash turbulence intensity and the radial distributions of the streamwise longitudinal length scale and the radial lateral (upwash) length scale taken as one half the longitudinal value. The turbulence spectrum is modelled as Liepmann with no high-frequency correction. It is noted that the mean passage values are used and the form of the turbulence intensity across a passage is ignored which differs from some other methods [10, 20, 41] . In figure 18a , the mean flow, upwash turbulence intensity and longitudinal stationary length scale determined from the hotwire and the different simulation data were used to predict the exhaust duct sound power level. It was determined that the main parameter affecting the different outcomes was the length scale. As such, modified acoustic calculations were run in which the input was varied from the basic input associated with the simulation of the low-noise vane with the resolved rotor grid and no trip with the data saved directly at the probe locations. First, the longitudinal length scale was replaced by the length scale found using the hotwire data. It is shown in figure 18b that the acoustic results align perfectly with the results predicted from the hotwire input data. Second, the longitudinal length scale was set to a combination of that computed using the axial separation (AS) method and the stationary length scale (the stationary length scale was used for 15% of the span near the hub and 15% near the tip where the AS method is unreliable). With this length-scale choice, the acoustic prediction is more in line with the measured acoustic power level.
Conclusion
The predicted flow in the gap between a fan and FEGV has been investigated. The simulations were performed with the PowerFLOW software that uses an LBM/VLES computational method. The SDT baseline and low-noise vane configurations at the rotor approach speed provided the cases of interest and comparison experimental data. Two simulation methods were used: (1) a turbulent transition trip on the rotor surface and (2) a refined grid near the blade surface and no trip. Simulation data were saved at locations matching the measurement probes using single voxel values. The data were also saved into a volume file but eight voxels were averaged to reduce the size of the file which is still about 1 TB for the volume shown in figure 2 . It is demonstrated that the averaging used when creating the volume file and the interpolation used when extracting the data from the volume file leads to large differences in the flow values as compared to the simulated data saved at the probe locations. This highlights the difficulty with saving time-resolved data from a high-resolution simulation for later analysis. Several questions that relate to the use of simulated data as input to a two-step approach for predicting fan broadband noise were addressed with the current flow analysis. Although there were differences between the simulation probe and volume data, the volume data were still used to examine the flow in ways that are not possible with just the probe data (either from the experiments or simulations). The following determinations have been made:
-By comparing the results from the high-resolution data to past CFD RANS simulations of the same SDT cases, it was determined that the inflow quantities necessary for the two-step method for computing fan broadband noise are not more accurately determined via the high fidelity simulation. -The baseline vane does have a small potential effect that extends only 0.05 chordlengths upstream. It does not significantly affect the turbulence quantities or the overall mean flow values upstream of the vane. -Taylor's frozen hypothesis which assumes that the turbulence quantities are convected by the mean flow has not been fully verified or invalidated through comparison of the length scale computed using the stationary method and using the spatial separation method. The inaccuracies of the streamwise spatial separation method given the available volume data prohibits a trusted analysis. -When the length scale is computed as a fraction of the streamwise wake width, it is shown that the required factors at the midgap and just upstream of the vane are different. The factors do fall in line with values previously reported by others analysing fan wake data. The wake-based predicted length scale also agrees reasonably well with the length-scale computed using an axial separation. From the results of all of the length-scale calculation options considered, it is hard to make a solid conclusion as to which method is correct. -The transverse length scale is well modelled as one half of the longitudinal length scale. -The Liepmann model is a reasonable model for the turbulence intensity spectrum.
However, the roll off is not captured perfectly for either the simulated data or the measured data which differ slightly from each other.
The analysis of the simulation data highlights how challenging it is for computations to resolve the turbulent flow in a fan gap well. However, the final acoustic results directly from the LBM/VLES and from the two-step method highlight how specific gap flow differences (which could be from either inaccuracies in the flow simulation or outcomes of the selected analysis method) may not impact significantly the prediction of broadband noise from the system. Thus, because the broadband noise is the culmination of a physical averaging of many effects, acoustic predictions obtained directly from the LBM/VLES method or from the two-step method based on the LBM/VLES turbulent flow information may in fact be accurate enough to be useful for engine analysis and design even though seemingly important flow quantities in the gap have been shown to be inaccurate when compared with experimental data. Finally, if a lower-order two-step method is used for the broadband noise prediction, this study indicates that RANS based input is just as good as input obtained from a higher fidelity computational method.
